epithelial Cl Ϫ transport; basolateral Cl Ϫ recycling; native lung epithelium; Ussing chamber DURING THE EVOLUTION OF vertebrates, air-breathing lungs developed to support the increasing demand for oxygen, which accompanied the growing complexity of organisms and their metabolism. Associated with this important evolutionary step, specific morphological properties have developed in lungs of all air-breathing vertebrates. From lungfish to mammals the designs of the air-exchanging structures possess fundamental commonalities (21) . Air-exchanging structures must be thin to facilitate gas exchange between the environment and the organism, and this has been realized in an anatomical characteristic referred to as three-ply design formed by the epithelial barrier, the basal lamina, and the endothelial barrier (22) . However, this barrier separating the interior body from the outer environment must also be able to protect the organisms from pathogens that are inhaled with each breath (22) . For this purpose, lung epithelia of all air-breathing vertebrates are covered by a thin, liquid layer denoted as lung lining fluid (LLF) (27) , which can be found at an evolutionary step as early as lung fish (30) . The LLF possesses a well-defined composition whose constancy is essential for mucociliary clearance and therefore facilitates immune defense (6, 27) . The importance of LLF constancy in both immune defense and normal lung function becomes clear in severe diseases associated with disturbances in LLF regulation like cystic fibrosis (9) or pulmonary edema (24) .
LLF viscosity and thickness are mainly regulated by active ion transport processes accomplished by the underlying pulmonary epithelial cells, where transepithelial Na ϩ reabsorption and Cl Ϫ secretion are suggested to be the major pathways (23, 29) . The resulting net ion transport across the epithelia causes passive osmotic water movement to modify the viscosity and thickness of the LLF (25) .
Pulmonary Cl Ϫ transport, particularly apical Cl Ϫ secretion, is a central issue in studying pulmonary epithelial ion transport, because reduced apical Cl Ϫ secretion due to mutated CFTR Cl Ϫ channels (cystic fibrosis transmembrane conductance regulator) is associated with cystic fibrosis lung disease. Therefore, the characterization of pulmonary epithelial Cl Ϫ transport is of particular interest, since it bears the possibility of identifying new Cl Ϫ transporting pathways, which may provide new insights and possibilities for the development of novel therapeutic strategies.
Although the existence of basolateral Cl Ϫ channels in pulmonary epithelia has been established (36, 37) , their particular role relative to transepithelial Cl Ϫ transport is poorly understood. Recently, it has been hypothesized that basolateral Cl Ϫ channels may be involved in apical Cl Ϫ secretion as well as transepithelial Cl Ϫ reabsorption in isolated airway epithelial cells (13) .
For the present study, native lung preparations from Xenopus laevis were used for transepithelial ion transport investigations with Ussing chamber recordings. Studying ion transport in the lungs of Xenopus laevis is of particular interest because, on the one hand, this offers new insights concerning the development of pulmonary ion transport processes during vertebrate evolution regarding the adaptation to air breathing. On the other hand the Xenopus lung is suitable for electrophysiological Ussing chamber recordings, due to its relatively simple sac-like anatomy. The latter should be emphasized, since native lung preparations of higher vertebrate taxa are not suitable for Ussing chamber recordings due to the complex anatomy, a result of the miniaturization of the gas-exchanging regions to increase the surface area of the lungs.
Therefore, the aim of the present study was to investigate whether or not basolateral Cl Ϫ channels may contribute to pulmonary Cl Ϫ transport and to reveal a putative function of these channels using a freshly isolated and therefore native pulmonary epithelium.
MATERIAL AND METHODS
Animals and tissue preparation. All electrophysiological Ussing chamber experiments were conducted using native lung preparations derived from adult female Xenopus laevis frogs (purchased from Kaehler, Germany or Xenopus-Express, France). Animals were kept in tanks with a continuous freshwater supply and fed twice a week with commercial fish food. To prepare them for lung extraction, the frogs were placed in ice water to make them manageable for handling. Animals were killed by decapitation, and the spinal cord was pithed immediately afterward. Lungs were then dissected, and the lung sacs were incised longitudinally from the bronchi along the large pulmonary artery (with scissors) to obtain planar tissue sheets; the latter as a prerequisite for Ussing chamber investigations. The extracted lung tissue sheets were fixed between two plastic rings (equipped with needles and the counterpart with holes) and were transferred into the Ussing chamber afterward. By mounting of the tissue between the two chamber halves, the chamber cavity was separated into two compartments (apical and basolateral), enabling individual access for drug application to the apical and the basolateral sides of the tissue. The perfusion of the chamber halves with normal Ringers solution started immediately after mounting to prevent tissue desiccation. Animal treatments were conducted in compliance with the German law of animal care and were authorized by the regional board of Giessen.
Ussing chamber experiments. For the electrical connection between the fluid-filled chambers and the voltage-clamp amplifier (custom made, University of Hohenheim, Germany), modified 200-l pipette tips were used as holders for Ag/AgCl electrodes. For this purpose, tips were filled with 1 M KCl Ag (3%) and covered by a 1-M KCl solution. Ag/AgCl wires were inserted into this solution and were connected with the voltage-clamp amplifier. The spontaneous potential of electrode pairs (apical and corresponding basolateral electrode) in perfusion solution was measured and accepted for usage in experiments when the obtained voltage value was Ͻ 1.0 mV. When starting the perfusion of the chamber compartments, a spontaneous transepithelial voltage (lumen negative) was measured, indicating the integrity and electrical activity of the tissues. After a short equilibration period of ϳ5 min, the tissues were voltage clamped to 0 V. The I SC was continuously recorded on a personal computer (data acquired via a MacLab interface; ADInstrunments, Colorado Springs, CO) and an analog strip-chart recorder (Philips, Netherlands). After a further equilibration period of ϳ120 to 240 min, experiments were started with the drug application. The effective measuring area, defined by the chamber construction, was 0.5 cm 2 . For data presentation, the values were converted to a corresponding tissue area of 1.0 cm 2 . For the pharmacological investigations, drugs were either applied apically or basolaterally by adding substances to the circulating perfusion solutions. All experiments were performed at room temperature.
Solutions and chemicals. The apical and basolateral chamber halves were perfused with normal Ringers solution containing (in mM) 100 NaCl, For chloride channel blockers, we used 5-nitro-2-(3-phenylpropylamino)benzoic acid (NPPB; 100 M; Tocris, Germany), niflumic acid (NFA; 500 M), N-phenylanthranilic acid (DPC, 100 M) (both Sigma), and tamoxifen (50 M, Sigma) for the investigation of basolateral Cl Ϫ conductances. DIDS (500 M; Sigma) was applied to inhibit basolateral HCO 3 Ϫ /Cl Ϫ anion exchangers, which are responsible for basolateral Cl Ϫ uptake in Xenopus lung epithelia (3) . For the inhibition of Na ϩ /K ϩ /2Cl Ϫ cotransporters (NKCC), the common NKCC inhibitor, bumetanide (200 M, basolateral; Sigma), was used. Amiloride (10 M; Sigma) was used as inhibitor of apical sodium channels. The pore-forming antibiotic nystatin (75 M; Sigma) was used for apical membrane permeabilization within Cl Ϫ gradient experiments. IBMX (1 mM, apical; Sigma), a direct inhibitor of cAMPdependent phosphodiesterase (18) was applied to induce Cl Ϫ secretion via elevation of cellular cAMP levels. The secretagogue forskolin (10 M, both sides; Tocris) was applied to increase Cl Ϫ secretion via direct activation of adenylyl cyclase (18) . Bumetanide, DIDS, DPC, forskolin, NPPB, and nystatin were dissolved in DMSO (Fluka, Germany) as stock solutions. DMSO concentrations used within the experiments were Յ 0.2%. Preliminary experiments indicated that these DMSO concentrations did not affect electrophysiological parameters (data not shown). A stock solution was made by dissolving NFA in 1 M NaOH, producing a final NaOH concentration in all experiments of 0.1%. The pH of this solution was checked and adjusted, if necessary, to the designated value of 7.4.
Data analysis. The effect of a substance on ion transport processes was estimated comparing mean I SC values before with those after drug application. ISC values are presented as means Ϯ SE. For statistical evaluation of significance, Student's paired t-test was used for comparison of these ISC means derived from dependent experiments. For statistical evaluation of data obtained by a substance within independent experiments, the Mann-Whitney U-test was used. Estimated P values of at least Ͻ 0.05 were considered as significant different.
RESULTS

Basolaterally applied DPC increases I SC .
To assess the putative presence of Cl Ϫ channels in the basolateral membrane of Xenopus pulmonary epithelial cells, common Cl Ϫ channel blockers were applied to the basolateral side of the mounted tissues. Basolateral application of DPC (100 M) induced, over ϳ20 min, a significant increase of the transepithelial I SC (26 Ϯ 5%; n ϭ 6; Fig. 1 ). The observed stimulation of the I SC corresponds to a decreased efflux of anions across the basolateral membrane, indicating that under basal conditions there is a continuous efflux of Cl Ϫ ions at the basolateral side of the epithelium. Interestingly, no effect was observed by the basolateral application of other Cl Ϫ channel inhibitors. Neither NPPB (100 M) nor NFA (500 M) nor tamoxifen (50 M) had any effect on transepithelial ion current (Fig. 1B) . The DPC-dependent increase of the I SC was further observed in a series of experiments using bicarbonate (HCO 3 Ϫ )-containing solutions (Fig. 1, C and D) . Under open-circuit conditions, DPC significantly increased transepithelial voltage, which is in accordance with a reduced anion efflux across the basolateral membrane (data not shown).
Additional experiments were performed to ensure that the effect observed with DPC is due to basolateral Cl Ϫ channels and not due to interactions of DPC with other ion conductances (e.g., an increased Na ϩ reabsorption would also lead to an increased I SC ) or apical Cl Ϫ channels. Therefore, an apical-tobasolateral Cl Ϫ gradient was established by using Cl Ϫ -free solutions at the basolateral side (the Cl Ϫ anion was substituted by gluconate). Under these conditions, there was still an increase of the I SC observed by basolateral DPC (Fig. 2B) . Furthermore, the DPC-sensitive current was significantly increased when the apical side of the epithelium was permeabilized by the application of nystatin (Fig. 2) . With Cl Ϫ -free conditions (gluconate) at both sides of the tissue, the DPC effect was abolished independent of whether the tissues were incubated with nystatin or not (Fig. 2 , C and D). Furthermore, in gluconate-incubated tissues, which were not permeabilized, an amiloride-sensitive current was observed (Fig. 2E ). Establishing an apical-to-basolateral gradient using iodide anions instead of Cl Ϫ we still observed an obvious effect by basolaterally applied DPC (Fig. 2F) . However, the DPC-sensitive current was significantly decreased, compared with the DPCinduced current, using normal Ringers solution with Cl Ϫ (Fig.  2G) . These experiments indicate that DPC affects a basolateral Cl Ϫ conductance in Xenopus pulmonary epithelial cells, rather than Na ϩ reabsorption.
Interdependence of basolateral DPC-sensitive current and apical Cl
Ϫ secretion. Until now, the exact function of basolateral Cl Ϫ channels in lung epithelia was unknown. Initial studies demonstrating the existence of basolateral Cl Ϫ channels in pulmonary epithelia hypothesize that these channels might be involved in modulation of apical Cl Ϫ secretion (13, 18) . It has been suggested that modulating the activity of basolateral Cl Ϫ channels might represent a regulatory pathway for determining the rate of apical Cl Ϫ secretion. This means that blocking basolateral Cl Ϫ channels will affect apical Cl Ϫ secretion. To test for this hypothesis, experiments were performed using the secretagogue forskolin (10 M, both sides), which has been described to activate apical Cl Ϫ secretion in pulmonary epithelial cells (2, 28) . In a series of experiments, Xenopus lung tissues were exposed to forskolin in the absence (control), as well as in the presence of DPC (Fig. 3A) . In the control recordings, an increase of the I SC of ϳ30% (n ϭ 6) was observed. Incubation of forskolin, together with DPC, resulted in a more pronounced increase (ϳ56%; Fig. 3 , A and B) corresponding to an increase in apical Cl Ϫ secretion. These Fig. 2 . DPC-sensitive current in Xenopus lung epithelia under different conditions. A: original current trace representing the effect of basolateral DPC (100 M) application during Cl Ϫ gradient conditions (Cl Ϫ a¡b, basolateral Cl Ϫ -free; Cl Ϫ substituted by gluconate) and additional apical nystatin permeabilization. DPC induces a considerable ISC increase under these conditions. B: results obtained with Cl Ϫ gradient conditions alone (nonperm, nonpermeabilized) and additionally nystatin-permeabilized tissues. Additional permeabilization intensified the DPC-induced current increase in Cl Ϫ gradient experiments (*P Ͻ 0.05; Mann-Whitney U-test). Currents obtained with DPC (IDPC) are normalized to values before drug application (I). C: recording depicting the effect of DPC (basolateral side) under symmetrical Cl Ϫ -free conditions (gluconate instead of Cl Ϫ ). D: note that under Cl Ϫ -free conditions no significant changes were induced by DPC, independent of whether the tissues were treated with nystatin or not (con, control; ns, not significant; paired Student's t-test). E: under identical experimental conditions as in the experiments depicted in C (Cl Ϫ -free; Cl Ϫ substituted by gluconate) an amiloride-sensitive conductance has been observed (10 M, apical side). F: with iodide as permeable anion, we still observed an increase of the ISC in response to basolateral DPC (I Ϫ a¡b, apical-to-basolateral iodide gradient) in nystatin-permeabilized tissues. G: note that iodide was less permeable than Cl Ϫ as indicated by the means of the DPC-sensitive currents (*P Ͻ 0.05, Mann-Whitney U-test). experiments indicate that blocking DPC-sensitive Cl Ϫ channels at the basolateral side leads to an increased Cl Ϫ efflux across the apical membrane via corresponding Cl Ϫ channels. In accordance with this suggestion, one would expect a reduced DPC-sensitive current when apical Cl Ϫ secretion is fully activated. Therefore, apical Cl Ϫ secretion was activated by application of forskolin (10 M) and IBMX (1 mM). This procedure resulted in an obvious increase of the I SC , which is expected to reflect an increased Cl Ϫ secretion. Application of DPC under these conditions had only a minor effect on the I SC (Fig. 3, C and D) . These experiments further reinforce the suggestion that activating Cl Ϫ secretion via apical channels reduces basolateral Cl Ϫ efflux. Another possibility to demonstrate the interdependence of apical and basolateral Cl Ϫ channels and conductances is represented by the assumption that blocking basolateral Cl Ϫ channels may lead to an increased efflux of Cl Ϫ ions across the apical membrane. This assumption was tested in a series of experiments in which the current sensitive to the Cl Ϫ channel blocker NPPB (apically applied) was estimated. Under control conditions over 20 min, a continuous decrease of ϳ13% was observed in response to 100 M apical NPPB (Fig. 4) . Identical experiments were performed with tissues that were preincubated with DPC at the basolateral side before NPPB application. In these experiments, the effect of NPPB was stronger (Fig. 4, ϳ21%) (Fig. 5, A and B) . Comparing the DPC-sensitive currents of these experiments, the DPC effect estimated in the presence of DIDS was significantly reduced (Fig. 5B) . Further experiments using the loop diuretic bumetanide (200 M) demonstrated that the DPC-sensitive current is not affected by this substance, an inhibitor of the Na (Fig. 5, C and D) .
DISCUSSION
Development of adequate ion transport mechanisms in the lung is a prerequisite for the breathing of air, since water and ion homeostasis in the lung tremendously influence immune defense, as well as gas diffusion. Although it is established that pulmonary ion transport involves primarily transepithelial Na ϩ reabsorption and Cl Ϫ secretion, the distinct mechanisms and, in particular, the properties of Cl Ϫ transport are poorly understood. Most studies focus on apical Cl Ϫ channels because these channels are known to play an important role in the widespread lung disease, cystic fibrosis (9) . Although the presence of basolateral Cl Ϫ channels was identified in airway epithelial cells years ago (17, 34, 36, 37) , nothing is known about either the presence or the function of basolateral Cl Ϫ channels in alveolar epithelial cells. It was hypothesized that in airway epithelial cells, basolateral Cl Ϫ channels would have the potential to modulate apical Cl Ϫ secretion, and that they could be Fig. 4 . Inhibition of the basolateral Cl Ϫ conductance correlates with apical NPPB-sensitive Cl Ϫ secretion. Apical application of NPPB (100 M) led to a current decrease over time (control, OE). Data represent NPPB-induced current decrease (INPPB) with respect to value before application. In comparable experiments, NPPB was applied after prior inhibition of basolateral Cl 
involved in transepithelial Cl
Ϫ reabsorption (10, 11, 13, 34) . In the present study, the putative role of basolateral Cl Ϫ channels in Xenopus lung epithelium was addressed. The Xenopus lung is a suitable model for pulmonary ion transport investigations, since, due to the sac-like anatomy, this amphibian lung is easy to dissect for Ussing chamber recordings and offers access to the alveolar epithelium defined by the unique three-ply design (Fig. 6A) of the air-exchanging structures (12, 26) . Further, Xenopus lung epithelium possesses electrogenic Na ϩ reabsorption (12, 14) , as well as apical Cl Ϫ secretion (32), similar to the situation known from mammalian pulmonary epithelia.
In the initial experiments performed within this study, the basolateral application of either NFA or NPPB, inhibitors of apical Cl Ϫ channels in Xenopus lung epithelium (5, 32), had no effect on I SC (Fig. 1B) , negating the presence of basolateral Cl Ϫ channels. Also, basolateral application of tamoxifen, a known inhibitor of volume-sensitive Cl Ϫ channels (35) , had no effect on I SC (Fig. 1B) . By contrast, application of the Cl For further characterization of the DPC-sensitive current, experiments establishing an apical-to-basolateral Cl Ϫ gradient were performed. The application of the Cl Ϫ permeable polyene antibiotic nystatin was additionally conducted for purposes of characterization. Similar strategies have been used by other groups to identify basolateral Cl Ϫ channels in airway epithelia (13, 16, 33, 36, 37) . Under these conditions (Cl Ϫ gradient without and with nystatin), basolateral DPC application still led to a significant increase in I SC (Fig. 2) , which further supports the assumption of an efflux of Cl Ϫ via basolateral Cl Ϫ channels in Xenopus lung epithelium. At this point, it might be considered that DPC is also reported to interfere with other ion channels and some ion transporters as well. Evidence exists that DPC might interfere with nonselective cation channels (15) and Cl Ϫ /HCO 3 Ϫ exchangers (7). To exclude an interference with nonselective cation channels, experiments were performed with Cl Ϫ -free solutions (substituting Cl Ϫ with gluconate; Fig. 2, C and D) . In these experiments, no DPC effect was observed. However, the application of amiloride, a common inhibitor of epithelial Na ϩ channels, under these conditions led to a decrease of the I SC . Thus, it seems unlikely that DPC might interfere with cation channels, since then one would expect a DPC effect under Cl Ϫ -free conditions as observed with amiloride (Fig. 2C) . In experiments using iodide instead of Cl Ϫ anions (Fig. 2F) , a significant DPC-induced current was observed, but the effect was markedly reduced compared with experiments using Cl Ϫ -containing solutions (Fig. 2G ). This finding is in accordance with a study by Itani et al. (18) , demonstrating a basolateral Cl Ϫ conductance in human bronchial epithelial cells with an anion-permeability order of Cl Ϫ Ͼ Br Ϫ ϾϾ I Ϫ . Furthermore, a putative inhibition of a HCO 3 Ϫ /Cl Ϫ anion exchanger by DPC, as proposed (7), can be excluded, since it has been shown that inhibition of anion exchangers in Xenopus lung epithelium leads to an inhibition of the I SC but not to an increase as observed in the present study (3) . From our findings, as well as based on similarities with other studies, it seems reasonable that the DPC effect is attributed to an interference with basolateral Cl Ϫ channels. The discovery of the presence of a basolateral Cl Ϫ conductance is in agreement with other studies using mammalian airway epithelial cells from humans (13, 18, 37) , cow (13, 34) , rats (17) , and mice (18) . To the best of our knowledge, the present study provides the first report concerning the function of basolateral Cl Ϫ channels in pulmonary epithelia of nonmammalian species, as well as the first description of their function in the distal gas-exchanging region of the lung. Published data addressing the function and, in particular, the type of Cl Ϫ channels localized in the basolateral membrane of pulmonary epithelia are inconsistent. For example Fischer et al. (13) reported that the dominant basolateral Cl Ϫ conductance in human airway epithelial cells was volume sensitive, whereas Itani et al. (18) also using human airway epithelial cells could not observe an effect by cell volume changes. It might be hypothesized that this discrepancy could be reasoned by the culture conditions, since it is has been described that culture conditions can influence the expression pattern of ion channels, and thereby, the phenotype of the cultivated epithelial cells regarding ion transport properties (1, 19, 20) . However, it is difficult to speculate on the identity of the basolateral Cl Ϫ channel(s) in Xenopus lung epithelium for several reasons: 1) the present study uses a native tissue and so far no comparable data from native lung epithelia are available; 2) variations of the blocker affinity and blocker profiles within ortholog channels; 3) incomplete knowledge about the molecular identity of epithelial Cl Ϫ channels and Xenopus orthologs in particular.
Considering that prior studies already identified apical Cl Ϫ secretion in Xenopus lung epithelium (3, 32) , a main intention of the present study was to question whether the activity of basolateral Cl Ϫ channels would affect apical Cl Ϫ secretion, since this was initially suggested to be a putative role for these channels in airway epithelia (13, 34, 37) . Therefore, different strategies were employed to test this hypothesis: 1) blocking basolateral DPC-sensitive channels and estimating cAMP-dependent current, which is at least partially mediated by apical Cl Ϫ secretion (3, 4) ; 2) activating cAMP-mediated Cl Ϫ secretion and subsequently determining the DPC-sensitive basolateral current; 3) determining the NPPB-sensitive component (apical NPPB application as a measure for apical Cl Ϫ secretion) in the absence as well as in the presence of basolateral DPC.
In the first set of experiments (Fig. 3A) , the forskolininduced current was significantly enlarged in DPC-treated epithelia compared with control experiments (solely forskolin application, Fig. 3B ), supporting the idea that inhibition of a basolateral Cl Ϫ conductance is capable of modifying apical forskolin-induced Cl Ϫ secretion. In the second type of experiments, we observed that, in forskolin/IBMX-stimulated epithelia, the DPC effect was significantly reduced compared with control experiments (Fig. 3, C and D) . From these experiments, one can hypothesize that the activity of the basolateral Cl Therefore, a prerequisite for Cl Ϫ efflux is the intracellular accumulation of the anion above its electrochemical equilibrium (which is often achieved via secondary active Cl Ϫ cotransporters or via anion exchangers as identified in Xenopus lung epithelia). Inhibition of a Cl Ϫ channel at the basolateral side, as indicated by the DPC effect, would result in hyperpolarization of the cell potential due to Cl Ϫ accumulation within the cell. Hyperpolarization is an important mechanism to increase the driving force for apical Cl Ϫ secretion (31) . If apical Cl Ϫ channels are opened under hyperpolarized conditions, an increased apical Cl Ϫ secretion can be observed. Vice versa, an identical rationale is expected since opening of apical Cl Ϫ channels will depolarize the cells, and this would subsequently reduce the driving force for a Cl Ϫ efflux at the basolateral side. Both scenarios are supported by the observations from the experiments depicted in Fig. 3 and support the suggestion concerning the interdependence of apical and basolateral Cl Ϫ conductances. Furthermore, it was found that the NPPB-induced current decrease was significantly enlarged in DPC-treated preparations (Fig. 4) . This also indicates that inhibition of basolateral Cl Ϫ channels increases apical Cl Ϫ secretion. Independent of whether Cl Ϫ is released through apical or basolateral Cl Ϫ channels from the epithelial cells, the anion has to be previously taken up by the cells. In Xenopus lung epithelial cells, a basolateral Cl Ϫ /HCO 3 Ϫ anion exchanger (AE) has been identified to facilitate Cl Ϫ uptake rather than the NKCC (3). Although other Cl Ϫ uptake mechanisms cannot be excluded yet. Cl Ϫ ions taken up at the basolateral side (e.g., via the AE, or other secondary active cotransporter) can leave the cell either at the apical or the basolateral side (Fig. 6A) . In this Fig. 6 . Schematic illustration of the Xenopus laevis blood-gasbarrier (BGB) and suggested ion transport mechanisms involved in epithelial Cl Ϫ transport. A: structure of the Xenopus BGB. The Xenopus BGB consists of an epithelial cell (EPC) layer, a basal lamina (BL), and an endothelial cell (EDC) layer. Furthermore, the EPC is covered by a thin lung lining fluid (LLF) on its apical side. The volume and viscosity of the LLF is regulated via transepithelial ion transport mechanisms including electrogenic Na ϩ reabsorption through apically localized epithelial Na ϩ channels and the Na (Fig. 5A) . When comparing the DPC-induced current increase under these conditions with control conditions (DPC application without AE inhibition) it became obvious that the DPC-induced current was significantly reduced by DIDS (Fig.  5B) . This observation indicates an interaction between basolateral Cl Ϫ uptake and recycling of the anion via the DPCsensitive Cl Ϫ conductance. Interestingly, the application of the NKCC inhibitor bumetanide had no effect on the DPC-induced current increase. This indicates that the NKCC does not participate in Cl Ϫ recycling, and this suggestion is in line with prior observations that the NKCC plays a minor role concerning Cl Ϫ uptake in Xenopus lung epithelia (3). In summary, the obtained data indicate that Xenopus lung epithelia possess a basolateral DPC-sensitive Cl Ϫ conductance. Concerning the physiological role of basolateral Cl Ϫ channels, it could be hypothesized that they are involved in the regulation of intracellular Cl Ϫ homeostasis, therefore facilitating different functions. First, they might play an important role in determining the rate of apical Cl Ϫ secretion. Activity of these channels as observed under basal conditions describes a mechanism to limit apical Cl Ϫ secretion (Fig. 6A ) and vice versa; closing of theses channels facilitates apical Cl Ϫ secretion when necessary (Fig. 6B) . Second, considering that Cl Ϫ uptake is probably a byproduct due to the sustained AE activity to remove metabolic HCO 3 Ϫ from the cell, basolateral Cl Ϫ channel activity might be necessary for preventing massive Cl Ϫ accumulation inside the cells and therefore might be crucial for Cl Ϫ recycling, similar to the function of basolateral K ϩ channels. Third, in combination with the activity of an apically localized cationcoupled Cl Ϫ cotransporter, these channels might participate in transcellular Cl Ϫ uptake as hypothesized for airway epithelia (13, 37) .
However, it seems that basolateral Cl Ϫ channels in pulmonary epithelia are a common feature of air-breathing vertebrates, since these channels are already developed in amphibians represented by Xenopus laevis. From this point of view it may be feasible to speculate that basolateral Cl Ϫ channels might play a very important role concerning pulmonary ion transport and thereby water and electrolyte balance of the LFF, whose composition is crucial for the proper function of the lungs in air-breathing vertebrates.
Perspectives and Significance
The field of identification and characterization of pulmonary ion transport processes is important against the broad spectrum of diseases that are associated with malfunctions in these mechanisms. Since the anatomical properties of gas exchanging structures are largely conserved in all air-breathing vertebrates, data obtained from lower vertebrates might be beneficial for understanding the situation in higher vertebrates or vice versa. Electrophysiological investigations in this field, at least in higher vertebrates, are mainly hampered by the small size of the related structures. Cell cultures do not represent the situation that appears in vivo, since the cellular environment strongly differs from the native situation (e.g., missing cell-cell interactions). Additionally, the properties of ion channel expression can be influenced by culture conditions and therefore could lead to falsified results that can differ from findings under natural conditions.
In this respect, the lung epithelia of lower vertebrates, and the Xenopus lung in particular, allow for functional electrophysiological investigations of a native pulmonary tissue. From this point, functional data in our present study concerning the role of basolateral Cl Ϫ channels in a native lung preparation might support the understanding or, at least, the further characterization of these conductances in lung epithelia of higher vertebrates.
